Introduction
The bending of circular tubes leads to the ovalization of the tube cross-section (change of the outside diameter/original outside diameter, DD o /D o ). Reverse bending and subsequent repeated cyclic bending may cause a gradual growth of ovalization. The increasing ovalization causes a progressive reduction in the bending rigidity of the tube. The tube will buckle when a critical magnitude of ovalization is reached. It is therefore of great importance to understand the buckling of circular tubes under cyclic bending in many industrial applications.
Beginning in the 1980, Kyriakides and his co-workers designed and constructed the tube cyclic bending machine as shown in Fig. 1 , and conducted a series of experimental and theoretical investigations. Kyriakides and Shaw (1982) investigated the response and stability of elastoplastic pipes under monotonic bending and external pressure. Shaw and Kyriakides (1985) investigated the inelastic behavior of 6061-T6 aluminum and 1018 steel tubes subjected to cyclic bending. Kyriakides and Shaw (1987) extended the analysis of 6061-T6 aluminum and 1018 steel tubes to the stability conditions under cyclic bending. Corona and Kyriakides (1988) investigated the stability of 304 stainless steel tubes subjected to combined bending and external pressure. Corona and Kyriakides (1991) studied the degradation and buckling of 6061-T6 aluminum and 1020 carbon steel tubes under cyclic bending and external pressure. Corona and Vaze (1996) studied the response, buckling and collapse of long, thin-walled seamless steel square tubes under bending. Vaze and Corona (1998) experimentally investigated the elastic-plastic degradation and collapse of steel tubes with square cross-sections under cyclic bending.
Recently, Pan and his co-workers also constructed a similar bending machine with a newly invented measurement apparatus, which was designed and set up by , to study various kinds of tubes under different cyclic bending conditions. Pan and Fan (1998) studied the effect of prior curvature-rate at the preloading stage on the subsequent creep (moment is kept constant for a period of time) or relaxation (curvature is kept constant for a period of time) behavior. Pan and Her (1998) investigated the response and stability of SUS 304 stainless steel tubes subjected to cyclic bending with different curvature-rates. Lee et al. (2004) investigated experimentally the effect of the diameter-to-thickness ratio (D o /t ratio) and curvature-rate on the response and stability of circular tubes subjected to cyclic bending. Chang et al. (2008) studied the mean moment effect on circular thin-walled tubes under cyclic bending.
In addition, Elchalakani et al. (2002) experimentally conducted tests on the different D o /t ratios of grade C350 steel tubes under pure bending, and proposed two theoretical simulation models. Jiao and Zhao (2004) tested the bending behavior of very high strength (VHS) circular steel tubes, and proposed their plastic slenderness limit. Lee et al. (2001) studied the influence of diameter-to-thickness ratio (D o /t ratio) on the response and stability of circular tubes subjected to cyclic bending. To highlight the influence of D o /t ratio, the same size of SUS 304 stainless steel tubes were slightly machined on the outside surface to obtain the desired D o /t ratio keeping the inside diameter intact. Thus, the cases studied by them are restricted to changeable D o /t ratios (30, 40, 50 , and 60) with a fixed inside diameter. In our study, the influence of both the outside and inside diameter on the response and stability of circular tubes subjected to cyclic bending was investigated. The 316L stainless steel tubes used for the experiments are characterized in a manner proposed by Lee et al. (2001) below.
Three different sizes of 316L stainless steel tubes with different outside and inside diameters were experimentally investigated. To disclose the relationship among the three different sizes of 316L stainless steel tubes, the outside surface of tubes was slightly machined to obtain a constant D o /t ratio of 40. A four-point bending machine (Shaw and Kyriakides (1985) , Corona and Kyriakides (1991) , , Lee et al. (2001) , Kyriakides and Corona (2007) ) was used to conduct the tests. The curvature-ovalization measurement apparatus (COMA) designed and reported previously by was used to collect the data of the curvature-controlled cyclic bending tests. The magnitude of the bending moment was measured with two load cells mounted in the bending device, and the magnitudes of the curvature and ovalization of the tube cross-section were measured with the COMA. It can be observed that although the three differently sized test specimens had the same D o /t ratio, three almost parallel lines can be seen on the log-log scale describing the relationship between the curvature and the number of cycles to produce buckling. The empirical formula proposed by Lee et al. (2001) was modified so that it can be used for simulating the aforementioned relationship.
Experimental facility, material, specimens and test procedures

Bending device
A schematic drawing of the bending device is shown in Fig. 1 . The device is designed as a four-point bending machine, capable of applying reverse cyclic bending. The device consists of two rotating sprockets resting on two support beams. Heavy chains run around the sprockets resting on two heavy support beams 1.25 m apart. This allows for a maximum length of 1 m for the test specimen. The bending capacity of the machine is 5300 N m. Each tested tube is fitted with solid rod extensions that engage the rollers. The rods can be freely moved along the axial direction during bending. Once either the top or bottom cylinder is contracted, the sprockets rotate, and bending of the test specimen is achieved. Reverse bending can be achieved by reversing the flow direction in the hydraulic circuit. A detailed description of the bending device can be found in several references (Kyriakides and Shaw, 1987; Corona and Kyriakides, 1991; Kyriakides and Corona, 2007) . (Kyriakides and Shaw, 1987; Corona and Kyriakides, 1991; Kyriakides and Corona, 2007) .
Curvature-ovalization measurement apparatus
The COMA, shown schematically in Fig. 2 , is an instrument used to measure the tube curvature and ovalization of a tube cross-section. It is a lightweight instrument, which is mounted close to the tube mid-span. There are three inclinometers in the COMA. Two inclinometers are fixed on two holders, which are denoted side-inclinometers (see Fig. 2 ). These holders are fixed on the circular tube before the test begins. From the fixed distance between the two side-inclinometers and the angle change detected by the two side-inclinometers, the tube curvature can be derived. In addition, a magnetic detector in the middle part of the COMA is used to measure the change of the outside diameter. A more detailed description of the bending device and the COMA is given in .
Material and specimens
Circular tubes made of 316L stainless steel were used in this study. The tubes' chemical composition is Cr (17.51%), Ni (12.86%), Mn (1.66%), Si (0.43%), . . ., and a few other trace elements, with the remainder being Fe. Besides the cyclic bending test, the different-size tubes were subjected to a uniaxial test to obtain the tensile stress-strain response.
In the first part of the experimental investigation, the 316L stainless steel tubes with D o = 38.1 mm and t = 1.5 mm were machined on the outside to obtain the desired D o /t ratios of 30, 40, 50, and 60, respectively (see Lee et al., 2001 ). In the second part, two different 316L stainless steel tubes with outside diameters D o of 31.8 and 27.2 mm, and a wall thickness t of 1.5 and 1.65 mm, respectively, were tested. The D o /t ratio was selected to be 40 for all test specimens. In order to obtain the desired D o /t ratio, the tubes were machined on the outside surface. The outside diameters of the 316L stainless steel tubes were 30.33 and 25.17 mm, and the wall-thickness 0.765 and 0.635 mm, respectively. Table 1 shows the given names, and (Corona and Kyriakides, 1991; Kyriakides and Corona, 2007) .
Experimental results and discussion of the first part
In this part of the study, the 316L stainless steel tubes were tested using four different D o /t ratios of 30, 40, 50, and 60, respectively, with the inside diameters kept constant. the ovalization grows to a maximum value at the maximum curvature. On unloading to zero curvature, some permanent deformation of the tube cross-section is observed. Continuous reverse bending to the minimum curvature causes the ovalization to increase again. The ovalization increases in a ratcheting manner with the number of bending cycles. The ovalization continues to progress until a certain critical value is reached at which the tube buckles. For tubes with a higher D o /t ratio, the ovalization of the tube cross-section progresses faster.
3.1. Buckling life estimation under curvature-controlled cyclic bending 
where A and a are material parameters, which are related to the material properties and the D o /t ratio. The constant A is the magnitude of cyclic curvature at N b = 1 and a is the slope of the log-log plot. Eq. (1) has been widely used for simulating curvature-controlled cyclic bending tests. Lee et al. (2001) studied the influence of the D o /t ratio on the response and stability of circular tubes subjected to cyclic bending and suggested that where A o and c are material parameters. In our study, the value of a was 0.12 and the values of A o and c were determined from Fig. 7 to be 0.4069 and À0.1934, respectively. Fig. 6 also includes the fitted data which tracks the experimental data quite well. sponse is marked by ''X". The three stages, i.e. the initial, secondary and tertiary stages, of the variation of (DD o /D o ) can be clearly observed. It can also be seen that once cyclic bending starts, the magnitude of the ovalization increases (the initial stage). However, the rate of ovalization ((DD o /D o )/N) gradually decreases and the growth of ovalization enters the secondary stage. In this stage, the ovalization increases steadily with N, and the rate of ovalization is almost a constant. In the tertiary stage, the rate of ovalization increases drastically leading to buckling of the tube. geometry. This phenomenon has also been observed by Corona and Kyriakides (1991) , and Kyriakides and Corona (2007) . Most of the ovalization takes place during the initial and secondary stage. The DD o /D o -N curves for the initial and secondary stages of all tubes are now shown in Fig. 10 . Since the trend of the DD o /D o -N curves in Fig. 10 is very similar to the trend of the strain-time curve of the uniaxial creep, we consider the Bailey-Norton law for uniaxial creep to be applicable:
Variation in ovalization under curvature-controlled cyclic bending
Here, e c is the creep strain, r is the hold stress for uniaxial creep, t is the Newtonian time, and C, m and n are material parameters. We adopt a similar form for the growth of ovalization:
where m and n are material parameters and C is a function of the D o /t ratio. Following the Bailey-Norton law, the magnitudes of m and n are determined to be 2.312 and 0.1809, respectively. Based on the experimental data, the quantities of C are 0.1123, 0.1290, 0.1360 and 0.1431 for D o /t ratios of 30, 40, 50, and 60, respectively. Based on these results, the following relationship is proposed: 
Experimental results and discussion of the second part
During this part of testing, the experimental investigation was extended to simulate the buckling life for different outside and inside diameters of 316L stainless steel circular tubes subjected to cyclic bending. In order to relate to the first part, the D o /t ratio was selected to be a constant value of 40 for all tested tubes. Detailed sizes and the names of the test tubes are stated in Table 1 . 4.2. Buckling life estimation using the controlled curvature for cyclic bending bigger size leads to a higher value of ovalization and a lower number of cycles necessary to produce buckling. The results of Fig. 18 are plotted on the log-log scale shown in Fig. 19 . The three straight dashed lines in this figure, determined by the least square method, denote the three different sizes of tubes. Three almost parallel straight lines can although the three groups of tested specimens had different sizes.
Elastoplastic response for cyclic bending
In this study, Eq. (1) proposed by Kyriakides and Shaw (1987) was used to describe the relationship of the j c /j o and N b .
Because tubes with same D o /t ratio lead to different values of N b , Eq. (2), which is only dependent on D o /t ratio, needs to be modified. An empirical formulation of parameter A in Eq. (2) was proposed to be (6) is that the proposed equation (6) includes all geometric parameters, namely inside diameter, outside diameter and wall-thickness. Taking Eq. (6) and the experimental data obtained in this second part of testing into, the value of x can be determined to be 0.3732. Fig. 19 shows the experimental and fitted results of j c /j o versus N b for B-tube, M-tube, and S-tube specimens on a double logarithmic plot.
4.3. Buckling life estimation using the growth of the ovalization for cyclic bending 
where E o and y are material parameters. The reasons of adding the term (D i /(D i ) r ) in Eq. (7) are the same as the ones stated above for Eq. (6). It follows that E o is equal to C o (=0.0314) and b is 0.3749 when the experimental data of the and secondary stages for an M-tube and S-tube, respectively. A good agreement between the experimental data and the theoretical simulation could be achieved. 
Conclusions
In this study, the estimation of the buckling life of circular tubes subjected to cyclic bending was investigated. Two different experiments were conducted to determine the influence of the outside and inside diameters on the response and buckling failure of circular tubes subjected to cyclic bending. Based on the experimental and fitted results, the following important conclusions can be drawn from this investigation:
(1) For symmetric curvature-controlled cyclic bending, the M/M o -j/j o loop of the 316L stainless steel tube shows cyclic hardening. However, the loops gradually steady after a few cycles. The DD o /D o -j/j o curve shows an increasingly ratcheting form as the number of cycles increases. Moreover, persistent cycling eventually leads to buckling. (2) For a constant D o /t ratio, specimens with a larger size lead to a higher value of ovalization and a lower number of cycles necessary to produce buckling. Although the three groups of tested specimens had different sizes (B-tube, M-tube, and S-tube), three almost parallel straight lines are seen on the log-log scale of j c /j o and N b . An Empirical relationship of Eqs.
(1) and (6) was proposed to simulate these curves. Based on the experimental data obtained for 316L stainless steel tubes, the material parameters B o , c, and x were determined to be 0.4069, À0.1934, and 0.3732, respectively. The empirically determined relationship and experimental results were shown to be in good agreement. (3) The experimental DD o /D o -N curve exhibits three stages: an initial, secondary and tertiary stage. Most of the ovalization takes place during the initial and secondary stages. An empirical relationship of Eqs. (4) and (7) was proposed to describe the DD o /D o -N curve of the initial and secondary stages. Based on the experimental findings, the material parameters E o , b, y were determined to be 0.0314, 0.3749, and À1.8691, respectively. It was demonstrated that the empirically determined relationship can adequately simulate the actual experimental result. (4) The experimental results further demonstrated that ovalization at buckling for all tested tubes is almost identical (ffi0.075). It can be concluded that the critical ovalization does not vary significantly with the geometry. This phenomenon has previously been observed by Corona and Kyriakides (1991) and Kyriakides and Corona (2007) .
